Introduction
While a plethora of potential factors are likely at play in retinal damage, the role of inflammation has recently taken a larger role. Studies show that a multitude of inflammatory mediators are increased in the retina in response to high glucose/hyperglycemia or other stressors [1] [2] [3] . Inhibition of any of these factors shows promise in reducing retinal stress-associated neuronal and vascular damage [4] [5] [6] [7] [8] . Additionally, the role of the innate immune system may also contribute to retinal damage associated with diabetes, specifically toll-like receptor 4 (TLR4) [9, 10] . TLR4 is one of a class of pathogen-associated molecular pattern receptors [11] . In humans, 10 TLRs have been identified [12] . TLR4 is a receptor for lipopolysaccharide (LPS), and LPS can lead to a number of inflammatory diseases including sepsis [12] . TLR4 sig-nals downstream through the MyD88 or IRF3 pathways to activate NF-κB and other inflammatory factors, including tumor necrosis factor (TNF)α [13] .
A role for TLR4 in barrier permeability is well established in multiple organ systems. Work in Caco-2 cells treated with ethanol or C57/B6 mice receiving ethanol as a liquid diet showed increased TLR4 and intestinal permeability [14] . The increase in TLR4 was associated with a decrease in occludin phosphorylation [14] . Similarly, work with occludin knockout (KO) mice showed a 4-fold reduction in liver permeability after ethanol treatment when compared to wild-type (WT) mice [15] . Other work on intracranial hemorrhage showed that methylprednisolone sodium succinate reduced blood-brain barrier permeability in C57/B6 mice with reduced TLR4 levels and increased zonula occludin 1 (ZO-1) and occludin levels [16] . Work with an intestinal burn model showed that the loss of TLR4 in KO mice led to decreased permeability when compared to WT mice [17] . Similarly, colon permeability following a high-fat diet was reduced in TLR4 KO mice compared to in their WT littermates [18] . The reduction in colon permeability was associated with reduced occludin levels and increased inflammatory mediators [18] . Thus, there is ample evidence from multiple organs that increased TLR4 levels lead to increased permeability and reduced levels of key barrier proteins.
Focusing on the role of TLR4 in the retina, one study showed that TLR4 in bone marrow-derived cells contributes to the progression of diabetic retinopathy, with the inhibition of TLR4 protecting the retina [19] . Other study groups showed that the pharmacological inhibition of TLR4 in diabetic rats significantly reduced retinal barrier permeability as well as reducing TLR4 signaling [9] . A study on systemic TLR4 KO showed that the loss of TLR4 resulted in a significant reduction in inflammatory proteins as well as the increased survival of neurons in the ganglion cell layer (GCL) [20] . Other groups reported that TLR4 KO mice are protected from LPS-induced neuronal loss [21] . Since we recently reported that TLR4 was altered in the diabetic retina, specifically in retinal endothelial cells (REC) and Müller cells, we generated an endothelial cell (EC)-specific TLR4 KO mouse to explore the role of TLR4 in the retina, focusing on the vasculature.
These studies led us to hypothesize that EC-specific TLR4 KO mice would have reduced permeability and increased levels of ZO-1 and occludin. These hypotheses were tested in mouse retina as well as in REC in culture. /J mice, and B6 FVB-Tg, i.e., (cdh5-Cre)7Mlia/J Cre mice, were purchased from Jackson Laboratories. After 2 generations, the TLR4 floxed mice with the cdh5-Cre mice were bred to generate conditional KO mice, where TLR4 is knocked out in vascular EC. At 3 months of age, the TLR4 floxed and TLR4 Cre-Lox mice were used for experiments. Genotyping and Western blot results for TLR4 from these mice have been recently published [22] .
Experimental Procedures

Immunohistochemical Staining
To verify that TLR4 was reduced in the EC-specific KO mice, we performed fluorescence staining. Three-month-old male and female TLR4 floxed and TLR4 cdh5 Cre-Lox mice (3 in each group) were euthanized by CO 2 followed by cervical dislocation. Their eyes were removed and immediately placed into 4% paraformaldehyde in PBS for 4 h at 4 ° C. Retinas were then dissected out and rinsed in PBS overnight. Whole retinas were put in 5% normal goat serum for 3 h at room temperature for blocking any nonspecific staining, followed by incubation with isolectin GS-IB4 (Alexa Fluor 488 conjugate, 1: 100, Life Technologies) and TLR4 (1: 100, Abcam, Cambridge, MA, USA) at 4 ° C for 2 days. After rinsing, the retinas were incubated with a secondary antibody conjugated to Alexa Fluor 594 (1: 1000, Life Technologies) overnight at 4 ° C. Retinas were then rinsed in PBS and counterstained with DAPI, and then mounted and examined using a Leica confocal microscope.
Ischemia/Reperfusion
Some animals were anesthetized with an intraperitoneal injection of ketamine and xylazine. Once these animals lacked a toepinch reflex, the anterior chamber of the eye was cannulated with a 32-gauge needle attached to an infusion line of sterile saline. The eye was subjected to 90 min of hydrostatic pressure (80-90 mm Hg, TonoPen, Medtronic, Jacksonville, FL, USA) to induce retinal ischemia as demonstrated by the blanching of the iris and the loss of red reflex [6, 23] . After 90 min, the needle was withdrawn and the intraocular pressure was normalized, causing reperfusion. The contralateral eye served as an intra-animal control.
Fluorescein Angiography
Eight mice (4 exposed to I/R and 4 as a control) from each group (TLR4 floxed and TLR4 Cre-Lox) were used for retinal vascular leakage analysis. The right eye of each mouse was exposed to the I/R lesion as described above. Twenty-four hours after I/R, the pupils were dilated with tropicamide ophthalmic solution. Fifteen minutes later, the mice were anesthetized by ketamine and xylazine. After they had been deeply anesthetized (no toe-pinch reflex), 150 μL of AK-FLUOR (1% W/V, AKORN, INC, Lake Forest, IL, USA) was injected intraperitoneally. Retinal vessel leakage was analyzed and photographed using the Micron IV (Phoenix Research Labs, Pleasanton, CA, USA). Images were obtained <5 min after injection of the dye. 369 Analyses Two days after I/R exposure, a subset of each group of mice was sacrificed for measurements of neuronal thickness, as we have done previously [24] . Briefly, the whole globe is removed and placed into formalin overnight. The eyeballs were washed in PBS and embedded in O.C.T. freezing medium. Sections (10-μm) were taken from throughout the retina, followed by hematoxylin and eosin staining. Analyses were done for retinal thickness and the number of cells in the GCL on 10 sections from throughout the retina of 5 animals in each group as we have done in the past [7, 24] .
For the vascular analyses, additional mice (5 from each group) were sacrificed 10 days after I/R exposure, in order to measure degenerate capillaries as we have done previously [23, 25] .
REC Culture
Primary human REC were acquired from the Cell Systems Corporation (CSC, Kirkland, WA, USA). Cells were grown in Cell Systems medium supplemented with microvascular growth factors (MVGS), 10 μg/mL gentamycin, and 0.25 μg/mL amphotericin B (Invitrogen, Carlsbad, CA, USA) on attachment factor-coated dishes. Once cells reached confluence, some dishes were moved to the Cell Systems medium supplemented with D-glucose to 25 m M . Only cells prior to passage 6 were used. Cells were quiesced by incubating in high-or normal-glucose medium without MVGS for 24 h prior to experimentation.
Treatments REC in normal-(5 m M ) and high-glucose (25 m M ) medium were transfected with TLR4 siRNA (SMARTpool: ON-TARGETplus TLR4 siRNA, Dharmacon, Lafayette, CO, USA) or scrambled siRNA at a final concentration of 20 n M using GenMute transfection reagent (Signagen Laboratories, Rockville, MD, USA), based upon the manufacturer's instructions (except that siRNA was incubated with the cells for 12 h). Analyses were done on REC samples after 3-4 days in normal-or high-glucose medium and 12 h after transfection.
Permeability Assay REC were grown in normal-and high-glucose medium in Transwell chambers. Once 100% confluent and treated with hydrocortisone, some cells in each condition were transfected with TLR4 or scrambled siRNA. On the day of the experiments, 70 kD of rhodamine isothiocyanate dextran was added to the upper chamber of the Transwell insert. Aliquots from the basolateral chamber were taken every 30 min for 2 h and placed into the 96-well plate. At 2 h (the final time point), a sample was also taken from the apical chamber to ensure that fluorescence in this cham- 370 ber was unchanged. All aliquots were placed into a 96-well black plate for measurement using a fluorescence plate reader (SynergyHT, Biotek Instruments, Winnoski, VT, USA) at 570/590. The diffusive flux (Po) was calculated as reported previously [26, 27] .
Western Blot
Whole-retina lysates from mice or REC lysates were collected into lysis buffer containing protease and phosphatase inhibitors. Equal amounts of protein were separated onto a precast Tris-glycine gel (Invitrogen, Carlsbad, CA, USA), and blotted onto a nitrocellulose membrane. After blocking in TBST (10 m M Tris-HCl buffer, pH 8.0, 150 m M NaCl, 0.1% Tween 20) and 5% (w/v) BSA, the membranes were treated with TLR4, ZO-1, and occludin (all from Abcam) and β-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA) primary antibodies, followed by incubation with secondary antibodies labeled with horseradish peroxidase. Antigenantibody complexes were detected with a chemiluminescence reagent kit (Thermo Fisher Scientific, Pittsburgh, PA, USA) and data were acquired using an Azure C500 (Azure Biosystems, Dublin, CA, USA). Western blot data were assessed using Image Studio Lite software.
ELISA
The TNFα ELISA was done according to the manufacturer's instructions (Thermo Fisher Scientific), with the exception that sample exposure to primary antibody occurred for 24 h. One hundred micrograms of protein were used to ensure equal protein amounts in all wells.
Statistics
The Kruskal-Wallis and Dunn post hoc tests were done on cell culture data. A one-way ANOVA with the Student Newman-Keul post hoc test was used for animal data. p < 0.05 was considered statistically significant. A representative Western blot is shown where appropriate. Figure 1 a, c shows significantly more staining for TLR4 (red) in the REC in the TLR4 floxed mice than in the TLR4 Cre-Lox mice ( Fig. 1 b, d ). These data agree with the genotyping and Western blot results for whole retina reported previously [22] . Fig. 2 d) . The arrows show increased vascular leakage in the TLR4 floxed mice exposed to I/R compared to that observed in the TLR4 Cre-Lox mice.
Results
TLR4 Staining Is Reduced in the Vasculature of the TLR4 Cre-Lox Mice
Loss of TLR4 Increases Retinal Thickness and Reduces Vascular Damage in the Mouse I/R Model
To further characterize the vascular-specific TLR4 Cre-Lox mice, we measured neuronal and vascular damage in the TLR4 floxed and Cre-Lox mice after exposure to I/R. Figure 3 (a-d, i, j) show neuronal changes at 2 days post-I/R. There are no changes in the retinal thickness ( Fig. 3 i) or cell numbers in the GCL ( Fig. 3 j) in either the TLR4 floxed or TLR4 Cre-Lox mouse eyes not exposed to I/R. Following I/R, retinal thickness was reduced in the TLR4 floxed mice, but there was no change in the TLR4 Cre-Lox mice ( Fig. 3 i) . Similar results were observed for the numbers of cells in the GCL ( Fig. 3 j) . There was vascular damage in the control eyes ( Fig. 3 e, TLR4 floxed; Fig. 3 g, TLR4 Cre-Lox) when compared to the eyes subjected to I/R ( Fig. 3 f, TLR4 floxed; Fig. 3 h, TLR4 CreLox). Figure 3 k shows that there were significantly more degenerate capillaries in the TLR4 floxed mice than in the TLR4 Cre-Lox mice after I/R.
TLR4 Regulates ZO-1 and Occludin Levels in vivo
Since we found that loss of TLR4 in the EC led to reduced retinal permeability after I/R, we wanted to investigate the effects of TLR4 on ZO-1 and occludin levels. ZO-1 ( Fig. 4 a) and occludin ( Fig. 4 b) levels were increased in the TLR4 Cre-Lox mice retinas. Exposure to I/R reduced both ZO-1 and occludin levels in the TLR4 CreLox mice, but levels were still significantly higher than in the TLR4 floxed mice exposed to I/R.
TLR4 Regulates TNFα and Permeability in REC in vitro
To support our data, we grew REC in normal-and high-glucose medium. We then treated a subset with either scrambled or TLR4 siRNA. To verify successful knockdown, we performed Western blotting for TLR4 on the cell lysates from each group ( Fig. 5 a) . TLR4 siRNA had no effect on TNFα levels on REC grown in normalglucose medium, but significantly reduced the levels in REC grown in high-glucose medium ( Fig. 5 b) . High-glucose culturing conditions significantly increased REC permeability, which was then significantly reduced when TLR4 siRNA was applied ( Fig. 5 c) .
Loss of TLR4 Increases ZO-1 and Occludin in REC in vitro
The levels of both ZO-1 ( Fig. 6 a) and occludin ( Fig. 6 b) were significantly reduced in REC grown in high-glucose medium. TLR4 siRNA application led to a significant increase in both ZO-1 and occludin levels in REC grown in high-glucose medium. These data, together with the mouse data, suggest that TLR4 regulates retinal permeability both in vitro and in vivo. 
Discussion
Increased inflammation is a key complication of retinal damage [28] . Increased inflammatory mediators can lead to increased permeability in a multitude of targets [29] . Studies on the intestine, liver, and brain all suggest that increased TLR4 levels are highly related to increased permeability [14] [15] [16] . Additionally, TLR4 can regulate occludin levels in the colon, leading to increased permeability [15] . Similarly, a study on the intestine showed that methotrexate altered the ZO-1/claudin 4 interaction, which was associated with increased TLR4 mRNA [30] .
Since it was found that TLR4 can regulate permeability in the diabetic rat retina [9] , we wanted to investigate whether TLR4 in REC is a key to the changes in key barrier proteins both in vivo and in vitro. Our data showing that I/R caused an increase in permeability in the TLR4 floxed mice agree well with the diabetic rat retina data [9] . Loss of TLR4 in the EC was able to reduce retinal permeability in response to I/R. These changes in permeability matched the increased occludin and ZO-1 levels in the TLR4 conditional KO mouse retina. In support of our mouse data, our work on REC grown in high-glucose medium showed significantly increased permeability, which could be blocked by TLR4 siRNA. TLR4 also regulated ZO-1 and occludin levels in REC grown in high-glucose medium.
We extended the work on the role of TLR4 in retina permeability to demonstrate that TLR4 also regulates vascular and neuronal damage in response to I/R. Our work on TLR4 KO mice exposed to I/R showed that TLR4-deficient mice have reduced levels of key inflammatory mediators and increased survival of neurons in the GCL [20] . Other study groups have reported similar findings, i.e., that TLR4 knockdown was protective to the retina after LPS-induced damage in an I/R model [21] ; work with this LPS model showed that LPS-induced microglia proliferation was reduced in TLR4 KO mice. Our findings demonstrate that I/R caused a significant reduction in retinal thickness and cell numbers in the GCL, but that this was restored to control levels in the EC-specific TLR4 KO mice. In agreement with the neuronal data, I/R caused a significant increase in the numbers of degenerate capillaries, which were reduced in the conditional KO mice. While these findings are specific to TLR4 in the retinal vasculature, it is established that TLR4 in retinal microglia and neurons likely play a role in permeability changes [20, 21] . Since we had reported that TLR4 is present in the diabetic mouse retina, we wanted to determine whether TLR4 could regulate retinal vascular permeability in response to other retinal stressors. Our findings suggest that TLR4 can indeed regulate permeability in the retinal vasculature, in addition to what was reported previously.
We also showed that the knockdown of TLR4 led to a decrease in TNFα levels in REC grown in high-glucose medium. Since TNFα can be activated by downstream signaling of TLR4 [13] , we used TNFα as a demonstration that a loss of TLR4 would decrease high-glucose-mediated increases in inflammatory mediators in the REC.
In conclusion, the literature strongly supports a role for a TLR4-induced increase in permeability in a multitude of organs including the retina. Use of EC-specific conditional TLR4 KO mice exposed to I/R showed that TLR4 deficiency led to reduced permeability, which was associated with increased levels of occludin and ZO-1. REC grown in high-glucose medium showed increased permeability, which was blocked with the use of TLR4 siRNA. High-glucose culturing conditions also reduced occludin and ZO-1 levels in REC, which were then restored to normal by TLR4 siRNA. I/R also led to retinal neuronal and vascular damage, which was attenuated in the conditional KO mice. Taken together, these data suggest that TLR4 can mediate retinal damage in response to IR in vivo or (in high-glucose culture) in vitro, suggesting that the inhibition of TLR4 may provide a novel target for therapeutic development.
